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A FIJGEll IIWESI'IGATIOH OF THE -8 OF 

VORTEX GENEIWCORS ON SEPARATIOEI DUE TO SHiOCK 

By Lindsay J. Lina and Wilmer H. Reed, I11 

A prel- investigation was of an a" ~n flight t o  
determine the effectiveness of vortex  generators in  preventing  separation 
due t o  compressibility ehock at  full-scale Reynold;: numbers. &vera1 
arrangements of vortex  generators were tested at  10 and 30 percent chord 
on the upper surface.between 4-4 and 6l percent semispan on a wing of an 
F-51D airplane. The wing contour Over this portion of the span was 
modified fo r  other tests and indicated  earlier flow eeparation  than  the - 
orlginal contour. The vortex  generators,  consisting of small a i r fo i l s  
of rectangular plan form mounted normal t o  the surface, were arranged 
In a spanwise IWT and se t  a t  an angle of attack of atout 15O, so as to 
produce a system of vortices fo r  the purpose of increasing the transfer 

generators waa determined a t  supercritical epeeda (Mach nuribera 0.n t o  
0.77) and over a range of lift coefficients from measurements of chord- 
wise pressure' distributions and from boundary-layer measurements made 
at  the trailing edge. 

I 

. 
I of momentum into the turbulent boundary layer. The effectiveness of the 

The results of the tests Fndicated that a l l  the arrangements of 
vortex  generators tested delayed separation t o  higher Mach nwibers or 
lift coefficients. The vortex generators mounted a t  both 10 and 30 per- 
cent chord however were considerably more effective  than  vortex gener- 
ators a t  10 percent chord and delayed eeparation a t  a Mach number of 
0.745 beyond a lift coefficient of 0.53, and the lift coeff ic ient   a t  a 
given value of integrated  total-head loss m a  increased a s  much as 0.35 

' above that for the basic configuration. A single row of vortex gener- 
a to r s   a t  30 percent chord was about as effective as vortex  generators 
mounted at  both 10 and 30 percent chord fo r  the range of flight condf- 
tions at which comparisons could be made. With adjacent  vortex gener- 
ators  arranged t o  produce vortices  rotating in  opposite  directions,  the 
results were s c m e w h a t  more favorable  than w i t h  the vortex  generators 
arranged t o  produce vortlcea  in the same direction. . 

More extensive  Investigations  are  required  for the determination of 
the optimum arrangement of vortex generators. 

. . 1  
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In the investigations of references 1 t o  5, vortex  generators were 
found t o  be effective in reducing or elimhsting separation of turbulent 
boundary layers on w h g s  and i n  difFuserle a t  subsonic speeds. The vortex 
generators used in  the= imrestig;atlona  consisted of small afrfoi ls  
mowted normal to  the  surface ahead of the regfon of separation. An 
application of vortex  generators t o  flow a t  transonic speeds i n  refer- 
ence 6 indicated that separation due t o  compressibility shock could also 
be reduced o r  ellminated. The implication  orthese results, particularly 
for  airplanes  at  transonic speeds, fs obvious since separation  affects 
maximum l i f t ,  stabil i ty,  and trim. Since the problem of buffeting is 
recognized a s  being ~tssociated with intermittent  separation and reattach- 
ment of the boundary layer, it seems possible that buffeting may be 
reduced by  the use of vortex generators. Inasmuch as the Reynolds number 
of the tests of reference 6 was low, a preliminary fl-t investigation 
repprted herein was undertaken i n  order t o  determine w h e t h e r  vortex 
generators were a l s o  ef'fectfve at   ful l -scale  Reynolds nunfber. The t e s t s  
were made on an F-51D airplane a t   c r i t l c a i  speeds and over a range of 
lift coefficients. The t ea t s  included  several arrangements of vortex 
generators mounted on the upper surface of one wlng and over only  a 
portion of the span. Tbe effectiveness af the generators was determined 
frm pressure  distributions over part of the w i n g  chord and boundary- 
layer surveys a t  the trailing edge. 

- 
SYMBOLS 

c, airplane lift coefficient . . . % I . . . . 

C wing chord (74.3 in. at  tes t   s ta t ion)  

. , .  . >  , -." 

M Mach number 

4pt total-pressure loss 

s, free-stream impact presaure 

X distance  along chord from leading edge 

Y distance above surface 

Subscripts : ' 

0 free stream 

8 edge of.  boundary layer 
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The vortex generators used in  this irrvestigation were emall a i r fo i l s  
of rectangular plan form 'having chorda of 1/2 inch and 1 inch and spans 
of 1/4 inch, 1/2 inch, and 3/4 inch. The generators were made of s t r ip s  
of s t ee l  and fi led to   a i r fo i l   sec t ions  approximating Clark Y and  biconvex 
sections.  Several arrangements of vortex  generators were tested. The 
generators were spaced 2 inches center  to  center in a spanwise direction 
and extended frola 44 t o  6l percent semispan at  10 percent, 30 percent, 
and at both 10 and 30 percent chord on the upper surface of the lef t  wing 
of the F-51D abplane. For the 10-percent-chord location the generators, 
having approximate C l a r k - Y  sections, were welded t o  a s t ee l   s t r i p  
1/16 inch  thick Mch was fastened  to the surface  with  flush screws. 
'phe s tee l   s t r ip  was faired i n t o  the surfece Over a chordwise distance 
of about 8 inches. A t  the 30-percent-chord location the generators, 
having appror- l te  biconvex sections, were welded t o  flmh-mounted flat- 
head screws. The generators w e r e  set a t  an angle of attack of 15' t o  
produce vortices  rotating in  the same -&ion (co-rotating) or so that 
aajacent  generators produced vortices  rotating  in  opposite  directions 

shown in figure 1. Details of a l l  the arrangements of vortex  generatore 
are given i n  table I and &etched in figure 2. 

I (counterrotating). ~n arrangement of generators a t  10 percent  chord is  

. The.portion of the wing span over which the  vortex  generators were 
tested had a modified airfoil  section  described  in  reference 7 as con- - tour B. SYnce the mounting plate for the  generators a t  10 percent chord 
was faired into the surface, this fairing or bump was retained fo r  tests 
of the basic  section wfthout the generators. 

Static-pressure measurements were made along the upper surface of the 
w i n g  with flush  orifices between 17 and 68 percent chord. The s t a t i c  
pressure a t  the t ra i l ing  edge was obtained with a tube  located  about 
1/8 inch above the w i n g  surface with the static  holes about 1/8 inch 
forward of the tra i l ing  edge. Total  pressure through a portion of the 
boundary layer of the upper surface was measured by a rake of total-  
pressure tubes extending about 3 inches above the suTface and located 
a t  the trailing edge of the wing a t  the  center line of the arrangement 
of vortex  generators. The rake is sham mounted on the trailing edge in 
figures 1 and 3. The free-stream t o t a l  and s t a t i c  pressures were meas- 
ured  by meam of a pitot-static head mounted on a wing boom. The posi- 
t ion e r ro r  of this installation had previously been determined. 

The tests were made i n  dives from an altitude of 28,000 feet t o  
about 20, OOO feet. Pressures were continuously  recorded from a Mach 
nuniber of about 0.71 t o  about 0.77 in the dive and  through the --out. . 
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&me results of the chordwise-pressure-distribution measurements 
for the basic configuretion and the configurations wlth counterrotating 
vorbex generators a t  10 and 30 percent chord are presented in figures 4 
t o  6 in terme of cho-se variation of kch number outside of the 
boundarg layer, %, for several' free-atreem Mach numbers and airplane 
liFt coefficients. These were the only chordwise pressure distributions 
that were evaluated. !RE values of BQ were computed using free-stream 
t o t a l  pressure and s t a t i c  pressure a t  the aurf'ace. Reeulte of the 
boundary-layer meaeufments at  the trailing edge are given in figures 7 
t o  10 as distribution of MBch number through the lower portion of the 
boundary layer and i n  figures 11 t o  13 as  distribution of the  ratio of 
total-pressure lose   to  free-streaiu lmpsct pres-, &/Q, through the 
boundary hyer for  an alrplane lWt coefficient of 0.17 and several MBch 
numbers and f o r  a constant W h  number of 0.745 and eeveral values of 
airplane lift coefficient. 

The chordwise distribution of @ for the  basic  configuration 
(fig. 4) dld not  appreciably differ from that of contour B i n  refer- 
ence 7, indicating that the fairing @ded at  10 percent chord bad no 
apparent  effect on the flar behind this station. As the free-stream 
Mach  nunibel and airplane lift coefficient were increased t o  values f r o m  
0.736 t o  0.75 and from 0.11 t o  0.17, reepctively, the position of corm- 
preeeibility shock rapidly mwed forward  about 10 percent of the chord 
and separated flow occurred behind the Shock, a8 i8 ind ica td  by the 
higher Mach numbers near the trailing edge and 8160 by the boudary-layer 
characterist ice  in figures 7 and 11.. With a single row of counterrotatfng 
vortex generators a t  10 percent chord, the chorhrise  distribution of #s 
(fig. 5) was similar t o  that for the basic configuration  except that the 
f orwsrd movement of the shock and flow separation were delayed t o  higher 
airplane lift coefficients (a lso  see figs. 8 and 12). Since the other 
arrangements of vortex generators st 10 percent chord (HOB. 2 and 3) had 
similar boundary-layer characteristics,  they are not preserrted. For 
counterrotating generators a t  30 percent of the chord (no. 51, the chord= 
wise distribution of % was coneiderably modified. I n  addition  to the 
main shock a t  about 54 percent chord, several Bmaller shocks are apparent 
in figure 6 ,  associated perhaps with  local flar disturbance due t o  the 
vortex generatore. The position of the main shock appears t o  be practi- 
cally fixed a t  about 54 percent chord f o r  the flight conaftions of the 
tests. The boundary-layer characteristics in figures 9 and 13 show that  
there is no separation ug t o  a Mach  number of 0.743 and a lift coeff i- . 

cient of 0.35. This was the  higbest CL obtained at Ea, = 0.745 for 
this configuration; however, a lift coefficient. of 0.54 at & = 0.745 
was obtained when testing vortex generators  located at both 10 and 
30 percent  chord (Ho. 4).  A camrparieon between configurations 4 and 5 

. .  
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cannot be drawn at CL = 0.54, but it is interesting  to  note  (fig.  10) 
that  the distribution of Mach  nulliber through the boundary layer for 

' configuration 4 gives no indication of separation. The boundary-layer 
. characteristics f o r  the co-rotating  configuration a t  30 percent  chord 

(No. 6) are similar t o  those  for  configurations 4 and 5 and are there- 
fore not  presented. 

- 

The relative  effectiveness of all of the arrangements of vortex 
generators is indicated qualitatively in figures 14  t o  16 by ccqarisons 
of the   ra t io  of total-pressure lo s s  t o  free-stream impact pressure 
integrated over the height of the survey  rake. The rake vas not large 

can only be used as  a qualitative  indication of total-head loes in the wake. A greater  percentage of the total-head loss was measured i n  the 
case of a small loss  than in the  case of a large total-head lose. The 
integrated area  tended t o  approach a maximum value and remain constant 
wheq the flow was separated. Reevlts are plotted f o r  constant l i f t  
coefficient and.varying Mach  number and for  constant &ch nuuiber and 
varying lift coefficient in each figure. The tes t   points   for  which the 
boundary layer was definitely  separated  at  ' the trailing edge are indi- 
cated by tails. It I s  believed that separation may have started at 
Lower values of Mach nuuiber and lift coefficfent  than is indicated in 
the figures. 

' enough t o  m e y  completely the wake; therefore, the integrated areas 

a 

a .  
 he effect; of vortex  generator  size and/or spacing a t  10 percent 

' chord are illustrated in figure 14. The double row of vortex gener- 

total-pressure  loss. The single row of the largest  vortex  generators 
(No. 2) showed some tendency toward a greater   redkt ion of total-pressure 
loss a t  lift coefficients above about 0.30, but the tes t s  of that con- 
figuration did not cover a range of lift cmff  icients suff ic ient   to  make 
the data  conclusive. 

- ators (No. 3) a t  10 percent chord resulted in the greatest reduction of 

A change  of chordwise location of the  vortex  generators frcm 10 t o  
30 percent chord (fig. 15) showed a gp-eater reduction of total-pressure 
.loss than that produced by changes In s i z e  or spacing a t  10 percent , 
chord. A single row of vortex  generators a t  30 percent  chord was about 
as effective RS vortex generators mounted a t  both 10 and 30 percent chord 
for  the range of flight conditions a t  which comparisons could be made. 
The results in figure 15 show that w i t h  the generators a t  30 percent 
chord, separation due t o  shock was delayed beyond a lift coefficient 
of 0.35 a t  a Mach  number of 0.76 and the lift coefficient a t  a given 
value of integrated total-head loss p s  increased about 0.2 above that 
for  the basic configuration.  Vortex generators a t  both 10 and 30 per- 
cent  chord delayed separation due t o  ehock beyond a lift coefficient 
of 0.53 a t  % = 0.745 and the lift coefficient a t  a given value of 
integrated total-head loss w m  increased as much as 0.35  above tha€ for 
the basic  configuration. 

. 
- 

-I 
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The comparisons in  f igure 15 'show that the  counterrotating  arrange- 
ment of vortex  generators a t  30 percent chord was slightly more effective 
than  the  co-rotating arrangement. . . . . . - - . . .. 

The results of the investigation  indicated that all the arrangements 
of vortex  generators tested delayed separation t o  higher Mach numbers o r  
l i f t  coefficients. The vortex generators mounted at koth 10 and 30 per- 
cent chord, however, were considerably more effective than vortex gener- 
a tors   a t  10 percent chord an& delayed separation at a Mach  number of 0.745 
beyond a lift coefficient of 0.53, and the l i f t  coefficient  at  a given 
value of integrated total-head loss  was increased as much a.6 0.35 above 
that for the  basic  configuration. A single row af vortex .generators at 
30 percent chord was about as eff'ective as  vortex generators mounted a t  
both 10 and 30 percent chord for the range of flight conditions a t  wh'ich 
comparisons could be made. With adjacent  vortex  generators arranged30 
produce vortices  rotating i n  opposite  directions,.  the  results we,re 60me- 
w h a t  more favorable  than with the vortex  generators  arranged t o  produce 
vortices  rotating in the same direction. . . - . . . . . . . ... . 

. .  
I 

. . - - . . - - - . - - - 

More extensive  imrestigations w i l l  be required f o r  t he  determination 
of the optimum arrangement of vortex  generatore. 

." 

Langley Aeronautics1 Laboratory 
National Advisory Committee for Aeronautics 

Langley A i r  Force Base, Va. 
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Figure 3.- Total-pernrre M and eta t lc -peseure  tube at  trailing edge 
of the w i n g .  
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Figure 5.- Distribution of Mg on upper surface of wing for four 
v a l u e s  of flight Mach number and airplane l i f t  coefficient. 
Vortex-generator arrangement d e r  1. 
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Figure 7.- Vuiation of Mach rider through the lower portion of the 
boundary layer at the 'trailing edge. Baeic configuration. 
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Figure 8.- Variation of bhch number tho -gh   t he  lower portion of the 
b d y . l a y e r  at the tra i l ing  edge. Vortex-generator  configura- 
t ion number 1. Single row of coxnterro~ting  generatare  located 
at 10 percent chord. 
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(a) cL = 0.17. 

B 

Figure 9. - Variation of Mach nuuiber through the lower portion of the 
boundary layer at  the trailiag edge. Vortex-generator  configure- 
tion number ?. Single row of counterrotsting  vortex generators 
located-  at 30 percent  chord. 
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Figure 10. - Variation of Mach  'mmiber through the boundary w e r  at  th 
t ra i l ing  edge. Vortex-generator  configuration 4. Counter- 
rotating double row of vortex generatore at  10 percent chord and 
counterrotating single row of vortex generators st 30 percent chord. 
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(a) CL = 0.17. 

Figure .  11.- Variation through p r t  of the wake a t  the trailing edge. 
of the ratio of total-head lose t o  free-etream impact pressure. 
Basic  configuration. 
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Figure 12.- Variatioa through part of the wake at the trailing  edge of the 
ratio of total-bead lose to free-stream  impact  preseure. Vortex 
generator  number 1. Single ruw of counterrotating  generatore  located 
at 10 percent chord. 

. 
I 



4 WCA RM ~ 5 0 ~ 0 2  
.: 

. 

.05 

.04 

.03 

- Y 
C 
.oz 

.Of 

(b) % = 0.745. 

Figure 12. - Concluded. 
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Figure 13.  - Variation through part of the wake at  the  trail ing edge of the 
ra t io  of total-head loss t o  free-stream impact pressure.  Vortex 
generator number 5. Single row of counterrotatirg  vortex  generators 
located a t  30 percent chord. 
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Figure 14.- Cmpmisons of the effec ts  of varioue configuratlone of 
counterrotating  vortex  generators  located a t  10 percent chord on 
the inteerated  total-head loss a t  the trailing edge. Tailed 
points  indicate flow m e  Beparated at  the trailing edge. 
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Figure 15.- Cmparisons of the effects of chordwise location of counter- - rotating vortex generators on the integrated  total-head loss  at the 
trailing edge. Tailed  points indicate flow WEB separated st the 
trailing edge. 
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Figure 16.- Compcrison of counterrotating  and co-rotating vortex 
generators located at 30 percent  chord on the.  integrated total- 
head  loss at the  trailing  edge.  Tailed test pointe.1ndicate 
flow was eeparated  at  the  trailing edge. 
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